Primary aldosteronism (PA) is the most common cause of secondary hypertension with the overproduction of aldosterone. Several studies have shown that patients with PA are at a higher risk of target-organ damage than patients with hypertension of other causes. 1-4 Indeed, patients with PA have higher risks of left ventricular hypertrophy 5, 6 and myocardial fibrosis. 7, 8 Emerging evidence indicates that aldosterone might promote cardiac diastolic dysfunction independent of blood pressure as a possible result of myocardial fibrosis. 7-10 Despite the improved understanding of the cardiac diastolic dysfunction in PA patients, its impact on subclinical myocardial dysfunction remains unclear. In particular, there has been little information concerning the left ventricular morphology between subtypes of PA, such as aldosteronism-producing adenoma (APA) and bilateral idiopathic hyperaldosteronism (IHA).
In the present study, this layer-specific strain technique was used to investigate myocardial dysfunction in patients with 2 subtypes of PA, in comparison with primary hypertensive patients.
METHODS

Study population
We investigated 62 consecutive hypertensive patients with a confirmed diagnosis of PA, including 33 patients with APA and 29 with IHA, and 30 gender-and age-matched patients with primary hypertension.
All patients with PA underwent a standardized diagnostic procedure. After aldosterone receptor blockers, angiotensinconverting enzyme inhibitors, angiotensin receptor blockers, β blockers, and diuretics were withdrawn for at least 4 weeks, plasma aldosterone concentration (PAC, in pg/ml) and plasma renin activity (PRA, in ng/ml/h) were measured after overnight fast and 30-min rest in the supine and standing positions. A ratio of PAC to PRA (ARR) of at least 240 pg/ml per ng/ml/h and a PAC of at least 200 pg/ ml were considered positive for PA. A saline infusion test was then performed to confirm the diagnosis of PA. An adrenal venous sampling procedure and adrenal computed tomography imaging were performed for the subtyping of PA and lateralization in whom adrenalectomy was considered. 17 All APA patients enrolled in the present study underwent unilateral adrenalectomy (right side, n = 15 and left side, n = 18) after lateralization and had their diagnosis of APA confirmed histopathologically.
All patients with primary hypertension were hospitalized in the same time period in the same inpatient ward. PA was excluded by an absence of clinical manifestations indicative of PA and an ARR < 240 pg/ml per ng/ml/h measured on the same standardized conditions as mentioned earlier. Other causes of secondary hypertension, such as renal vascular and parenchymal diseases, were also excluded.
Exclusion criteria included other forms of secondary hypertension, atrial fibrillation, structural heart disease, cardiomyopathy, atherosclerotic coronary stenosis, and suboptimal echocardiographic windows. The study protocol was approved by ethics committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China. All study subjects provided informed consent before enrollment.
Standard echocardiography
All participants underwent standard 2D and Doppler echocardiography using a 2.5-MHz transducer (Vivid E9; GE Healthcare, Milwaukee, WI). Images were obtained at a frame rate of 60-75 frames/s and digitally transferred to a remote workstation for offline analysis (EchoPAC, Version 113; GE Healthcare, Milwaukee, WI). Parasternal images were used to determine left ventricular dimensions and relative wall thickness. The ejection fraction was calculated using the modified Simpson method, by obtaining enddiastolic and end-systolic left ventricular volumes from apical 4-and 2-chamber views. The relative wall thickness was calculated as the sum of anteroseptal and posterior wall thickness divided by the left ventricular end-diastolic dimension. Left ventricular mass was calculated from left ventricular linear dimensions in the parasternal view and was indexed to body surface area to derive the left ventricular mass index. Left atrial volume index was calculated as left atrial volume at end-systole indexed by body surface area.
Pulsed-wave Doppler recording of mitral inflow was performed by placing a 2.5-mm sample volume at the tip of the mitral valve leaflets. The peak velocities of early (E) and atrial (A) diastolic filling, mitral valve deceleration time, and isovolumic relaxation time were measured, and the E/A ratio was calculated. E' was the mean value of the mitral annular velocities measured at the septal and lateral annuli by tissue Doppler imaging. The E/E' ratio was calculated by dividing early mitral inflow velocity (E) by early diastolic mitral annular velocity (E').
Speckle-tracking echocardiographic layer-specific strain analysis
All gray-scale images of the 3 apical long-axis and short-axis 2D echocardiography were analyzed frame by frame using an offline software (EchoPAC, Version 113; GE Healthcare, Milwaukee, WI). Three endocardial markers were placed in an end-diastolic frame at apical 4-, 3-, and 2-chamber views, respectively. The software automatically tracked the contour of endocardium to cover the myocardial thickness of the entire left ventricular wall. The tracking was manually modified if necessary. For the assessment of layer-specific myocardial deformation, the myocardium across the whole ventricular wall could be automatically divided into 3 layers, i.e., endocardial, midmyocardial, and epicardial layers ( Figure 1 ). Then, quantitative myocardial parameters for each segment were evaluated in the 18 segments (6 segments at basal, mid, and apical levels, respectively). The myocardial deformation at these 3 levels was averaged as the global longitudinal strain and circumferential strain in the endocardial layer (LSendo, CSendo), the midmyocardial layer (LSmid, CSmid), and the epicardial layer (LSepi, CSepi).
Reproducibility
For intraobserver variability, 10 patients were randomly selected, and the echocardiographic images were reviewed for strain measurements by the same observer. For interobserver variability, the same patients were reanalyzed by another experienced observer.
Statistical analysis
Statistical analysis was performed using the SPSS software, version 17.0 (SPSS, Chicago, IL). Continuous variables were expressed as mean ± SD and nominal variables as percentages. Analysis of covariance was performed for the betweengroup comparisons. Correlation analysis was performed to study the relationship between various echocardiographic parameters and PAC. P values < 0.05 were considered to be statistically significant.
RESULTS
Patient characteristics
Clinical characteristics of the patients by group are shown in Table 1 . Patients in the 3 groups were similar for age, sex, body mass index, blood pressure, heart rate, and hypertension history (P ≥ 0.29). However, patients with APA, compared with patients with IHA or primary hypertension, had a significantly (P < 0.001) lower serum potassium concentration and PRA, and higher 24-h urinary aldosterone excretion, PAC, and aldosterone-to-renin ratio.
Two-dimensional standard echocardiography and tissue Doppler echocardiography
The parameters of standard echocardiography are shown in Table 2 . Left ventricular ejection fraction was normal in all patients (58-60%). Left ventricular end-diastolic volume was similar in the 3 groups (P = 0.69). However, patients with PA, either APA or IHA, compared with those with primary hypertension, had a significantly (P < 0.05) higher interventricular septal and posterior wall thickness, relative wall thickness, and left ventricular mass index. There is a gradual decline in the longitudinal and circumferential strain from the endocardial to epicardial layer. A, the peak late transmitral flow velocity; APA, aldosterone-producing adenoma; E, the peak early transmitral flow velocity; IHA, idiopathic hyperaldosteronism; E', the mean value of the mitral annular velocities measured at septal and lateral sites. *P < 0.05 compared with primary hypertension. † P < 0.05 compared with IHA. Further analysis demonstrated that patients with APA, compared with those with IHA or primary hypertension, had a significantly (P < 0.001) lower E/A ratio and E' and higher E/E' , deceleration time, isovolumic relaxation time, and left atrial volume index, and had a higher (P < 0.05) prevalence of left ventricular remodeling and concentric hypertrophy.
Speckle-tracking echocardiographic layer-specific strain analysis
The results of the layer-specific strain analysis are shown in Table 3 . Layer-specific strain showed decreasing gradient from the endocardium to epicardium in all 3 groups of patients (Figure 2 ). For the between-group comparisons, LSendo and CSendo were lowest in APA (-20.2 ± 2.3% and −33.3 ± 3.2%), intermediate in IHA (-22.1 ± 1.9% and −35.7 ± 2.8%), and highest in primary hypertension (-24.1 ± 2.1% and −38.9 ± 3.1%, P < 0.001). Similar trends were observed for LSmid, LSepi, CSmid, and CSepi, but statistical significance was only reached for the comparison between patients with APA and those with primary hypertension (P < 0.001), but not other comparisons (P > 0.05).
Correlation analysis between layer-specific strain and PAC
Layer-specific strain was significantly correlated with PAC for all echocardiographic parameters (r = 0.38-0.69, P < 0.001) and similarly in the 3 patient groups (P > 0.05, Figure 3 ).
DISCUSSION
Our study demonstrated that patients with PA, especially APA, had impaired regional systolic function as assessed by layer-specific strain at similar levels of blood pressure, probably because of elevated PAC. Nonetheless, conventional and tissue Doppler echocardiography also showed impaired diastolic function and left ventricular structural remodeling in APA.
To the best of our knowledge, our study was the first that investigated myocardial dysfunction using speckle-tracking echocardiographic layer-specific strain in patients with APA and IHA patients. [18] [19] [20] [21] [22] Nonetheless, Chen et al. 23 recently investigated the global longitudinal strain in 36 Chinese patients with PA (33 APA and 3 IHA) by speckle-tracking echocardiography. They found that patients with PA had a significantly lower global longitudinal strain than patients with primary hypertension (n = 31, −17.84 ± 2.36 vs. −20.13 ± 2.32, P < 0.0001). The between-group difference in the global longitudinal strain was approximately 2.3%, much smaller than that was observed in our current study 5.6% for APA, but not for IHA 1.6%.
When the layer-specific results in our study would be considered, the relative difference between APA and primary hypertension increased from 3.9% for the endocardium to 5.0% and 7.2% for the midmyocardium and epicardium, respectively. The subendocardium layer was most vulnerable to stress, and its function was easier impaired, 24, 25 probably because of higher metabolic rate, greater oxygen extraction, and greater coronary flow in the endocardium than in the epicardium. 12 However, it is the epicardial strain that may differentiate patients with APA from those with primary hypertension, indicating more severe and probably earlier cardiac damage in the former group of patients. Although as evidenced by our current study and several previous studies, [26] [27] [28] conventional echocardiography may also detect left ventricular structural remodeling and diastolic dysfunction, layer-specific strain has apparent advantages in the diagnosis of left ventricular systolic dysfunction in the patients with normal left ventricular ejection fraction. All of our study subjects had normal left ventricular ejection fraction. However, they may have a big difference in layerspecific strain. The difference in the longitudinal strain was much larger than that in the circumferential strain. Even the latter was significantly decreased in patients with APA. This new technique therefore may be useful in the identification of early cardiac dysfunction.
The functional changes shown by layer-specific strain echocardiography in our study subjects could be attributed to PAC. In the 3 groups of patients combined, PAC alone explained from 12 to 24% of the variance of the layerspecific strain. This finding may have pathophysiological implications. At least for the heart, plasma aldosterone elevation, especially at very high levels, such as for instance in the presence of APA, may cause damages much earlier than blood pressure elevation. Our study has to be interpreted within the context of its limitations. Our study had a cross-sectional design and a relatively small sample size. In addition, the use of antihypertensive medications may affect regional myocardial function. However, the use of antihypertensive drugs in our study was similar among the 3 groups.
In conclusion, layer-specific strain showed that patients with PA, especially APA, had significant abnormalities in regional systolic functions. Such abnormalities to a large extent can be explained by plasma aldosterone elevation. This novel echocardiographic technique may be useful in the early evaluation of left ventricular dysfunction in patients with PA.
